Transglutaminase 2 (TG2) is implicated in the inhibitory regulation of the hepatocyte growth in vitro. In vivo, however, the role of TG2 in liver regeneration after partial hepatectomy (PH) is almost unknown. A dramatic increase of TG2 expression and activation is induced by retinoic acid (RA). Here we show the effect of the RA-induced overexpression of TG2 on liver regeneration after PH. Regenerating rat liver was prepared by 70% PH. RA was intraperitoneally injected immediately after PH. TG2 activity was determined by incorporation of 14 C-putrescine into dimethylcasein. Cell cycle was evaluated for incorporation of BrdU into hepatocytes and detected by a flow cytometric analysis. The treatment of RA greatly increased TG2 activity at 1 day after PH. At that time, DNA synthesis was significantly reduced by the treatment of RA. The recovery of liver weight after PH was significantly delayed by the treatment of RA. These results suggested that TG2 was involved in growth capacity in regenerating rat liver after PH.
Liver regeneration following 70% partial hepatectomy (PH) leads to rapid restoration and gains its lost mass within a week after surgery. Liver regeneration is regulated by several factors, including cytokines (9) , growth factors (20) , and post-translational modifications of several proteins (4, 6) . Transglutaminase 2 (TG2; EC 2.3.2.13) catalyzes Ca 2+ -dependent posttranslational modification of proteins (10, 31, 32, 34) . The role of TG2 in liver regeneration after PH is yet unknown, nor is the mechanism regulating cell growth completely understood. TG2 has been reported to be a negative regulator to cell growth, for example, the induction of a shift from the proliferative to non-proliferative state by an increase in TG2-catalyzed isopeptide bonds in cells (2) or by induction of TG2-induced apoptosis (8, 17) . We have reported that inhibition of de novo synthesis of TG2 resulted in an increased growth of normal rat hepatocytes in the presence of epidermal growth factor (EGF) (15) or hepatocyte growth factor (HGF) (16) . Taking these studies into consideration, it is possible that TG2 may be at least partially involved in suppression of hepatocyte growth during liver regeneration. To test this possibility, we investigated the effect of the stimulated expression of TG2 on hepatocyte proliferation after PH.
Retinoic acid (RA), a metabolic derivative of vitamin A, plays a crucial role in many biological functions, such as proliferation, differentiation and fetal development (13, 24) . RA is an inducer of TG2 expression (29, 30) , and the mechanism by which RA up-regulates TG2 expression has been elucidated. RA binds to RA receptors and stimulates their association with specific DNA motifs located in the promoter region of the TG2 gene, resulting in transcriptional activation of TG2 (21) .
collagenase perfusion, the cell suspension was homogenized with 9 volumes of ice-cold buffer (0.25 M sucrose, 10 mM Tris, 2 mM EGTA, 2 mM MgCl 2 , 1 mM phenylmethylsulfonylfluoride, pH 7.4) by 15 strokes using a loose-fitting Dounce homogenizer. The homogenate was centrifuged at 105,000 × g for 60 min at 4°C. Aliquots of the resultant supernatant were used as the cytosol fraction for the TG2 assay. TG2 activity of the cytosolic fraction was assayed by incorporation of [1, 4- 14 C] putrescine into N, N'-dimethylcasein as described previously (15) . The reaction mixture contained 50 mM Tris-HCl (pH 7.4), 10 mM dithiothreitol, 5 mM CaCl 2 , 0.5 mg of N, N'-dimethylcasein, and 1 mM putrescine including 1.85 kBq of radioactive putrescine. Reaction was initiated by addition of each sample solution (20 μL) followed by incubation at 37°C in a total volume of 50 μL. After 5 min incubation, the reaction was stopped by spotting 40 μL onto Whatman 3MM filter paper, which was then immersed in 10% trichloroacetic acid solution. The radioactivity of each filter paper was measured by liquid scintillation counting. The enzyme activity was expressed as nmol putrescine incorporated into dimethylcasein/ min/mg protein of sample. Protein concentration was determined according to the method of Bradford (3) using bovine serum albumin as a standard.
Statistical analysis. Statistical analysis was performed by the Mann-Whitney test.
RESULTS
The effect of RA on induction of TG2 activity after PH We measured changes in TG2 activities in hepatocytes from RA-treated or -untreated rat liver after PH (Fig. 1) . In RA-treated rat, TG2 activity significantly increased at 1 day after PH, and reached a maximum, 3-times of that from RA-untreated rat, whereas in RA-untreated rat, its activities at 1 to 3 days after PH were almost the same as initial level.
The effect of RA on DNA synthesis after PH To see the effect of RA on DNA synthesis during liver regeneration, BrdU incorporation and total DNA content in hepatocytes were monitored by flow cytometric analyses (Fig. 2) . The relative changes in the amount of DNA synthesis were calculated and plotted as percentages of FITC signals against 7-AAD signals (Fig. 3) . In RA-untreated rat, DNA synthesis increased transiently with a peak at 1 day after PH, whereas in RA-treated rat, the peak In the present study, we examined the effect of stimulated expression of TG2 activity by RA treatment on hepatocyte proliferation in regenerating rat liver after PH.
MATERIALS AND METHODS
Materials. [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]putrescine dihydrochloride was purchased from PerkinElmer Life Sciences, Inc. (Boston, MA). Collagenase was from Nitta Gelatin (Osaka, Japan). Retinoic acid (RA) and bromodeoxyuridine (BrdU) were from Sigma-Aldrich (St. Louis, MO). All other reagents were purchased from Nakarai Tesque (Tokyo, Japan).
Animals. Male Wistar rats weighing 200-230 g (SLC, Hamamatsu, Japan) were kept at a controlled temperature (23 ± 1°C) under a 12 h light-dark cycle and were maintained with a standard diet and water. All animal experiments were performed in strict accordance with the institutional animal committee's criteria for the care and use of laboratory animals.
Partial hepatectomy (PH)
. Seventy % of PH was performed under light ether anesthesia according to the method of Higgins and Anderson (11) . Rats were sacrificed at 0, 1, 2, and 3 days after surgery.
RA treatment. RA (15 mg/kg body weight), dissolved in corn oil/dimethylsulfoxide (1 : 1), was intraperitoneally injected immediately after PH. Control rats received the same quantity of the vehicle as the experimental animals.
Isolation of hepatocytes from partially hepatectomized rat liver. Hepatocytes were obtained from livers of normal and partially hepatectomized rats. Hepatocytes were isolated by the collagenase perfusion method (33) with a minor modification (16) and obtained by centrifugation (2 min at 50 × g).
Determination of DNA synthesis. The cell cycle was analyzed using BrdU Flow Kit (Becton Dickinson, San Diego, CA). BrdU was dissolved in phosphate buffered saline (PBS) and was given intravenously (10 mg/kg body weight) 2 h before killing. BrdU incorporation (detected with FITC-conjugated anti-BrdU monoclonal antibody) and total DNA content (detected with 7-amino-actinomycin D (7-AAD)) in hepatocytes were monitored by FACScan (Becton Dickinson).
Measurement of TG2 activity. After the digitonin/ DISCUSSION
TG2 catalyzes a calcium-dependent transamidation reaction which results in cross-linking of proteins through the formation of ε-(γ-glutamyl) lysine (7, 22) . The biological activity of TG2 has been implicated in extracellular matrix organization (1), activation of cytokines and growth factors such as transforming growth factor-β (19) and midkine (18) . As shown in Fig. 1 , when RA was injected immediately after PH, TG2 level was significantly induced. However, it is not certain whether RA-induced TG2 indicates the biological activity. The measurement of TG2 activity in vitro assay indicates the amount of TG2 protein because of the treatment of calcium which results in complete activation of TG2. At this point, it is reported that RA has been shown to augment the expression of TG2 mRNA levels (5), and Piacentini et al. also observed an increase of TG2 activity in RA-treated rat liver (30) . Therefore, we think that TG2 activity assayed in the present study accurately reflects the biological activity.
Shortly after PH, the EGF plasma level is elevated two to threefold (27) . Thus, activation of EGF receptor is likely to be involved in G1 phase progression during liver regenerative growth. We previously reported that TG2 negatively regulated the growth signal of EGF through down-regulating their receptors (14) . HGF is also known as a potent mitoof DNA synthesis shifted to 2 days after PH and the peaked amount of DNA synthesis was almost the same as that in RA-untreated rat at 1 day after PH.
The effect of RA on liver weight after PH Surgical resection of 70% of the liver led to a twofold increase of the weight of the remaining hepatic lobes 3 days after PH in RA-untreated rats. However, the recovery of liver weight was significantly delayed by RA treatment at a dose of 15 mg/kg body weight (Fig. 4) . et al. reported that the level of EGF receptor in the vitamin A-supplemented animals was down-regulated following PH (12) . Taking the previous results into consideration, the present data suggest that RAinduced higher TG2 expression at 1 day after PH may lead to down regulation of growth factor receptor (see a schematic illustration, Fig. 5 ), resulting that the peak of DNA synthesis shifts from 1-to gen for mature hepatocytes and acts as an important factor on regenerating rat liver (23, 26) . We found that HGF-induced TG2 activity in hepatocytes and its inhibition resulted in stimulation of hepatocyte growth and that this stimulatory effect resulted from the inhibition of down regulation of c-Met, a receptor for HGF (16) . These findings suggest that hepatocyte growth was negatively regulated by TG2. Hu   Fig. 3 Time courses of DNA synthesis in partially hepatectomized rat liver treated with or without RA. Each value represents the mean ± SEM of 4-6 rats. *p < 0.05, **p < 0.01, RA untreated rats vs. RA treated rats. Fig. 4 The effect of RA on liver weight after partial hepatectomy. RA (15 mg/kg body weight) was intraperitoneally injected immediately after partial hepatectomy. Each value represents the mean ± SEM of 4-6 rats. *p < 0.05, RA untreated rats vs. RA treated rats. (Fig. 3) . As a result, the recovery of liver weight was significantly delayed by the treatment of RA (Fig. 4) . The weight of remaining hepatic lobes in RA-treated rats was recovered to original mass after 2 weeks, as well as RA-treated rats (data not shown). These findings suggest that TG2 is related to the cell proliferation at early stages of liver regeneration after PH.
2-days
It has been reported that intracellular TG2 may be involved in the suppression of cell growth. Piacentini et al. reported that the induction of TG2 and the formation of TG2-catalyzed isopeptide bonds were directly correlated with the formation of apoptotic bodies (28) . Melino et al. demonstrated that the overexpression of TG2 resulted in a drastic reduction in the proliferative capacity of human neuroblastoma cells by apoptosis (25) . Taking the previous reports into consideration, it is possible that TG2 affects the cell growth through the crosslinking of different TGase substrates in different cell state, resulting in the induction of apoptosis or down regulation of growth factor receptor.
We expect that TG2 is one of many factors which are involved in the regulation of hepatocyte proliferation during liver regeneration after PH. Further detailed studies are necessary to elucidate the role of intracellular TG2 on liver regeneration.
